A new biosorbent, Eriobotrya japonica (loquat) seed biomass, has been investigated in order to remove malachite green (MG) from aqueous solutions. The factors affecting the biosorption process such as adsorbent dosage, pH of the solution and contact time were studied. The results showed that as the dose of loquat seed increased, the percentage of MG biosorption decreased accordingly. The experimental data suggested that the maximum pH for efficient biosorption of MG was 5.0. The biosorption process was relatively fast and equilibrium was achieved after about 60 min. Freundlich and Langmuir adsorption isotherm models were used for adsorption equilibrium data and based on the Langmuir isotherm plots the maximum bisorption capacity (Q max ) value was calculated to be 57.47 mg/g at 208C. The biosorption kinetics was determined by fitting pseudo-first-order and pseudo-second-order kinetic models to the experimental data, with the second-order model providing the best description of MG biosorption onto loquat seed.
INTRODUCTION
Dyes and their metabolites are important water pollutants.
Most industries use dyes and pigments to color their products, which include leather, food, wool, paper, cotton, silk and mineral processing industries (Vijayaraghavan & Yun 2007) . Approximately 7 £ 10 5 tones and 10.000 different types of dyes and pigments are being produced annually across the world and a significant proportion of these dyes enter the environment in wastewater (Thangamani et al. 2007 ; Wang et al. 2008) . The release of dyes into waters by various industries posses serious environmental problems due to various dyes persistent and recalcitrant nature. These dyes reduce the photosynthesis process by coloring the water by limiting light diffusion (Aguedach et al. 2005) . In addition, majority of these dyes are synthetic in nature and are usually composed of aromatic rings in their structures (Aksu & Tezer 2005) , which makes them carcinogenic and mutagenic (de Lima et al. 2007) , inert and non-biodegradable when discharged in to waste streams.
The removal of dye molecules from wastewaters is a matter of great interest in the field of water pollution (Gimbert et al. 2008) . Several methods are available for the treatment of industrial wastewaters (ozone treatment, activated carbon adsorption, membrane separation, reverse osmosis, coagulation, electrodialysis, biosorption) (Senthilkumaar et al. 2006) . Among these methods, biosorption technique for wastewater treatment has become doi: 10.2166/wst.2009.130 more popular in recent years due to their efficiency in the removal of pollutants too stable for biological methods (Vijayaraghavan & Yun 2007) . Moreover this technique has high capacity and high selectivity and low cost (Hameed & El-Khaiary 2008) .
Over the last few decades, a number of studies have focused on some materials (produced by microorganisms, plants and algae) that are able to adsorb dyes and toxic metals in wastewaters. Some of these alternative biosorbents are cone biomass (Can et al. 2008) , Sargassum sp. (Perumal et al. 2007) , wheat bran (Ciç ek et al. 2007) , Thuja orientalis cones (Akar et al. 2008) , Chorella sp. (Cantu et al. 2008) , Nordmann fir (Aksakal et al. 2008) .
Malachite green has found extensive use all over the world in the fish farming industry as an anti-fungal, antibacterial and antiparasitical agent (Mall et al. 2005) . This dye has also been used for the dyeing of cotton, wool, jute, paper, and leather (Culp & Beland 1996) . It belongs to the group of tripenylmethane dyes. It is known to be highly toxic to mammalian cells and acts as a tumor-enhancing agent (Rao 1995) . Contact of MG with skin causes irritation and redness and pain (Daneshvar et al. 2007) . Upon contact with eye will lead to permanent injury of human eyes and laboratory animals (Kumar et al. 2005) . Furthermore, this dye may enter into the food chain and could possibly cause carcinogenic, mutagenic and teratogenic effect on humans (Srivastava et al. 2004) .
Eriobotrya japonica (Thunb.) Lindley (Loquat) is an evergreen tree of the Maloidae subfamily of the Rosaceae family. Loquat species originated in China, later was introduced in Japan (Zhang et al. 1993) . From the Japan the species was introduced in the Mediterranean countries.
It is cultivated as well in tropical and sub tropical countries (Femenia et al. 1998) . The world production of loquat in 2006 is estimated at 550.000 tones (Lin 2007) . Loquat fruits, growing in clusters, are oval, rounded or pear shaped 3-5 cm long, yellow or orange color. Each fruit contains five ovules; of which one to five mature into large brown seeds. Seeds are rich in starch (20%) and have been used to make wine. The seeds of loquat have been reported to be a source of (R)-hydroxynitrile lyase for synthesis of cyanohydrins (Lin et al. 1999 ).
In the present study the efficiency of Eriobotrya japonica (loquat) seeds as a new biosorbent for the removal of MG from aqueous solutions were studied. Biosorption studies by a batch mode were performed as a function of pH, contact time and biosorbent dosage. The kinetics and equilibrium of process were also evaluated. Moreover, the thermodynamic parameters were determined.
MATERIALS AND METHODS

Materials
The biosorbent used in this study, Eriobotrya japonica seed, was collected in June 2008. They were washed repeatedly with deionized water to remove the adhering dirt and soluble impurities, dried at 808C for 24 h and crushed. The dried biomass was ground in a mortar to a very fine powder and sieved through a 400-mesh copper sieve. The powdered biosorbent was stored in glass bottles prior to use.
The textile dye, malachite green (MG) was obtained from Dystar, Turkey and used without further purification.
Its molecular structure is shown in Figure 1 
Batch biosorption studies
The experiments were conducted in 250 mL Erlenmeyer flasks containing 100 mL of dye solutions. The effect of pH on the biosorption process was determined at different pH values ranging from 2 to 6. The effect of biomass concentration on malachite green biosorption was determined using biomass sampling ranging from 1 to 40 g/L. After the biosorption process, the solution was centrifuged for 5 min at 4500 rpm. and supernatant were analyzed for remaining dye concentration using a spectrophotometer (618 nm) (Shimadzu UV-160A). The amounts of biosorbed MG (q e ) was calculated as follows:
where q e is the amount of MG adsorbed per gram of adsorbent. C 0 and C e are the initial and equilibrium dye concentration (mg/L), V is the volume of the dye solution (L) and m is the adsorbent mass (g).
RESULT AND DISCUSSION
Influence of initial biosorbent dosage
The amount of biosorbent is one of the parameters affecting strongly the biosorption capacity. To investigate the effect of biosorbent dosage, the biosorption of MG onto loquat seed was measured at six different biosorbent dosages (1 to 40 g/L) at an initial dye concentration of 100 mg/L. The effect of biosorbent dosage on the efficiency of MG removal can be viewed in Figure 2 . It is clear that the amount of dye adsorbed varied with the biosorbent dosage. The amount of dye adsorbed per unit mass of adsorbent decreased with increasing adsorbent mass, due to the reduction in effective surface area. Similar behavior for the effect of adsorbent concentrations on MG sorption capacity was observed and discussed in the literature for other types of adsorbents (Kumar et al. 2005) . On the other hand, with increase in biosorbent dosage, from 1 to 10 g/L, the percent removal of loquat seed increased from 49% to 57.61% which is the maximum value obtained. When the biosorbent dosage was increased up to 40 g/L percent removal loquat seed decreased from 57.61% to 31.76%.
Influence of contact time
Contact time is one of the important parameters in the design of water and wastewater treatment systems. Figure 3 shows the effects of contact time on the biosorption of MG onto loquat seed. It can be seen that the biosorption yield of malachite green increases with rise in contact time up to 60 min at 208C. After this time there was no considerable
increase. An increase observed on the biosorption capacity with increasing contact time may be due to availability of biosorption sites on the biomass surface. It was reported that the higher biosorption rate that was observed at the beginning of biosorption process may be explained by an increase in the number of sorbent binding sites, which would result in an increased concentration gradient between sorbate in the solution and on the biomass surface (Akar et al. 2008) . Similar results were reported for various tion. In the present study, dye uptake was found to decrease after a pH of 5. A similar result of pH effect was also reported for the adsorption of malachite green onto Pithophora sp. (Kumar et al. 2005) . Therefore all the biosorption experiments were carried out at pH 5.0.
Isotherm
Adsorption isotherms are basic requirements for designing any adsorption system. Isotherm expresses the relation between the amounts of adsorbate (mg) removed from the liquid phase by unit of mass of adsorbent (g) at constant temperature.
The data obtained from the equilibrium studies were analyzed using Langmuir and Freundlich adsorption isotherms. The Langmuir equation has been applied for monolayer sorption onto a surface of a finite number of identical sites. The Langmuir isotherm is presented by the following equation
The linear form of this equation can be given as:
where Q max and b are Langmuir constants denoting maximum adsorption capacity and the affinity of the binding sites, respectively. These constants can be determined from the C e /q e versus C e . The values of Q max and b constants and the correlation coefficient for the Langmuir isotherm are presented in Table 1 . Langmuir constant represents the maximum monolayer adsorption capacity (57.47) of the loquat for malachite green biosorption.
The decrease in the values of Q max with increasing temperature confirmed the preference of low temperature 0.99) values showed that the Langmuir isotherm fitted well with the experimental data of loquat seed ( Figure 5 ).
The Langmuir constant, R L , can be used to determine the suitability of the biosorbent for the sorbate using the Hall et al. (1966) separation factor (R L ) as follows:
The value of R L calculated using the above equation. The Freundlich isotherm was originally empirical in nature, but later became interpreted as sorption to heterogeneous surfaces or surfaces supporting sites with varied affinities. This isotherm predicts that the dye concentrations on the material will increase as long as there is an increase of the dye concentration in the solution.
The Freundlich equation based on sorption on a heterogeneous surface is given below as Equation
And linearized form of this model is
where K f and n are Freundlich constants characteristic of the system. K f and n are indicators of adsorption capacity and intensity, respectively. These constants can be determined from the linear plot of log q e versus log C e . Figure 6 shows the Freundlich isotherm obtained at different temperature values. The values of K f and n calculated from the plots are also given in Table 1 along with the regression correlation coefficients. As seen from Table 1 , the parameter K f and n increased with increase in temperature. The values of K f and n at the different temperatures ranged between 0.487 to 1.138 and 1.236 to 1.475 respectively. The value of Freundlich exponent (n) in the range of 1-10, indicates the favorable biosorption.
The higher correlation coefficient (r 2 . 0.99) values showed that the Freundlich isotherm fitted well with the experimental data of loquat seed.
Kinetic
Sorption kinetics can explain the dependency of sorption rates upon the concentrations of sorbate in solution, and how sorption rates are affected by sorption capacity, or by the character of the sorbent (Akar et al. 2008; Ho et al. 2000) .
Various isotherm kinetic equations have been used in the literature for the equilibrium modeling of biosorption systems. In this study, the pseudo-first order and pseudosecond order kinetic models were applied to fit the experimental sorption data of MG on the loquat seed biomass.
The possibility of adsorption data following Lagergren (1898) pseudo-first-order kinetics is given by
where q t (mg/g) is the amount of adsorbed dye on the biosorbent at time t and k 1 (1/min) is the rate constant of first order adsorption. The integrated form of Equation (1) is logðq e 2 q t Þ ¼ log q e 2 k 1 2:303 t ð8Þ
The first order rate constant (k 1 ) and q e were determined from the slopes and intercepts of plots of log (q e 2 q t ) versus time t. The first order rate constants k 1 were calculated from the slope of Figure 7 . It was observed that the rate constants, k 1 , increased with the increase in the initial metal concentration. The correlation coefficients R 2 values found in the range of 0.959 to 0.992 with an average value of 0.976, which shows that this model can be applied to predict to biosorption kinetic model (Table 3) .
A pseudo-second-order model proposed by Ho & McKay (1999) was used to explain the sorption kinetics.
The pseudo-second-order model can be expressed as
where k 2 (g/mg min) is the rate constant of second-order adsorption. Equation (9) can be rearranged and linearized to obtain:
where h is the initial sorption rate (mg/g min) (Ho & McKay 1999) . The second order rate constant (k 2 ) and q e were determined from the slope and intercepts of the plots obtained by plotting t/q t versus time t (Figure 8 ). The value shows that pseudo-second-order kinetic model is an appropriate one in predicting the biosorption kinetics of malachite green. The correlation coefficients (R 2 ) for the first order kinetic model were determined and compared with that of second order kinetic model. It is seen that the correlation coefficient of first order kinetic are lower than in the case of second order kinetic model (Table 2 ). This shows that kinetics of dye adsorption by loquat seed are better described by pseudo-second order kinetic model rather than pseudo-first order.
Thermodynamic parameters
In order to evaluate the thermodynamic parameters for biosorption of MG on loquat seed, the biosorption studies were carried out at different temperatures 20, 30, 40 and 508C. The Gibbs free energy change DG 0 is an indication of spontaneity of a chemical reaction and therefore is an important criterion for spontaneity. Also, both energy and entropy factors must be considered in order to determine the Gibbs free energy of the process. The thermodynamic parameters of DG 0 , enthalpy change, DH 0 , and entropy change, DS 0 , for the biosorption processes are calculated using the following equations
Equation (13) can be written as
where K c the adsorption equilibrium constant, R the gas constant and T is absolute temperature. The adsorption standard free energy changes DG 0 can be calculated according to Equation (13). DH 0 and DS 0 were obtained from the slope and intercept of Van't Hoff plots of ln K c versus 1/T (Figure 9 ).
The thermodynamic results are showed in Table 4 . The overall free energy changes (DG 0 ) during the biosorption process at all studied temperatures were negative, corresponding to a spontaneous process of malachite green suggests increased randomness at the solid/solution interface during the biosorption of MG onto loquat seed.
CONCLUSIONS
In this study Eriobotrya japonica (loquat) seeds were used as a new biosorbent for the removal of cationic dye malachite green from aqueous solutions. It was found that the biosorption of MG was highly dependent on contact time, pH and adsorbent dosage. The Langmuir and Freundlich adsorption models were used for the mathematical description of the adsorption of MG onto loquat seed. The maximum adsorption capacities of loquat seed used in this study were 57.47 mg/g for MG using Langmuir isotherm. Equilibrium data were well fitted by Langmuir and Freundlich isotherm. Two kinetic models (pseudo-first order and pseudo-second order) were employed in modeling the biosorption mechanism of the malachite green onto loquat seed. It was found that the biosorption kinetics fitted the pseudo-second-order kinetic model better than pseudo-first-order kinetics as seen from the higher correlation coefficient. Thermodynamic studies confirm that process was spontaneous and endothermic.
